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γ-[18O4]-ATP 稳定同位素标记对 McsB 底物蛋白进行系统鉴定的方法。选择嗜热
脂肪芽孢杆菌的总蛋白为底物蛋白库，首次在体外通过高酶活的 McsB 对底物蛋
白库进行高效磷酸化，经过酶切、温和的TiO2富集最终利用Nano LC-MS对McsB
的底物蛋白进行了鉴定。由于 γ-[18O4]-ATP 对 McsB 底物蛋白的标记会使标记的

































































The reversible phosphorylation of proteins has been recognized as one of the 
most important post-translational modifications in organisms since it has been 
discovered. It exists in many biological processes and participates in many cellular 
activities such as metabolism, cell growth, cell signal transduction and other 
important biological processes. Arginine phosphorylation is a phosphoramidate 
modification in the form of P-N bond that occurs on the side chain of the arginine. 
However, since the high energy and acid labile nature of P-N bond, the research on 
arginine phosphorylation does not have breakthrough. In recent years, with the 
discovery of the first arginine kinase McsB and the development of proteomics, the 
study on arginine phosphorylation has been paid more and more attention. Systematic 
identification of McsB substrates can not only help understand the biological function 
of phosphoarginine proteins, but also give an insight in understanding the biochemical 
processes arginine kinase McsB involved in. In this paper, a novel γ- [18O4] -ATP 
stable isotope labeling method was developed for the systematic identification of 
McsB substrates. We selected the total protein of Geobacillus stearothermophilus as 
the substrates library, then we applied in vitro kinase reaction using McsB with high 
enzyme activity to phosphorylate its substrates library for the first time. After trypsin 
digestion and mild TiO2 enrichment we finally identified the substrates of McsB by 
Nano LC-MS. The labeling of the McsB substrate proteins by γ- [18O4] -ATP cause a 6 
Da mass shift of the labeled proteins compared with other phosphorylated proteins, 
thereby this can be used to effectively distinguish the substrates of kinase McsB from 
other phosphorylated proteins. With repeated experiments, we now identified 21 
phosphoarginine sites containing in 20 phosphoarginine proteins. At present, this part 
of work is still optimized for identifying more phosphoarginine proteins. Therefore, a 
novel method for the identification of arginine kinase substrates using stable isotope 















other kinase substrates. 
Carbohydrate is an important source of energy for life, and is also involved in a 
series of biological processes. Glycosylation of proteins is another form of 
post-translational modification that plays a very important role in the process of 
cell-to-cell interactions and signal transduction. At the same time, saccharides can 
also form sugar conjugates with proteins, lipids, etc. These ligands can anchor the 
cells and also function in identifying physiological pathologies. The identification of 
disaccharides has always been a challenge since there are many disaccharides isomers. 
When we study the interactions between isoleucine and disaccharides, we found that 
[Ile+Dis+K]
+
  complex was formed. Through mass spectrometry based analysis we 
found that the non-covalent complex could provide sugar skeleton structural 
information. Finally, the disaccharide isomers were successfully identified based on 
the differences between the ion fragments and the peak intensity of the eight different 
disaccharide isomers complex with Ile and potassium ion by ESI-MS
2
 combined with 
principle compenents analysis. 
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符号 英文含义 中文含义 
Nano 
LC-MS 
Nano liquid chromatography-mass 
spectrometry 
纳升级液相色谱质谱 
ESI Electrospray ionization 电喷雾电离 
Dis Disaccharide 二糖 
Ile  Isoleucine 异亮氨酸 
ATP Adenosine triphosphate 三磷酸腺苷 
pSer Phosphoserinine 磷酸化丝氨酸 
pTyr Phosphotyrosine 磷酸化酪氨酸 
pThr Phosphothreonine 磷酸化苏氨酸 
pHis Phosphohistidine 磷酸化组氨酸 
pArg Phosphoarginine 磷酸化精氨酸 
RTKs Receptor tyrosine kinase 酪氨酸激酶受体 
EGF Epidermal Growth Factor 细胞表皮生长因子 
PTP1B ProteinTyrosine Phosphatase 蛋白酪氨酸磷酸酶 1B 
STK Serine/threonine kinases 丝/苏氨酸激酶 
MAPK Mitogen activated protein kinase 丝裂原活化蛋白激酶 
HK Histidine Kinase 组氨酸蛋白激酶 
RR Regulator Protein 反应调节蛋白 
FPLC Fast protein liquid chromatography 快速蛋白液相色谱 
MALDI-
TOF-MS 
Matrix-assisted laser desorption/ 




CDGs Congenital disorders of glycosylation 糖基化的先天性疾病 
AMPs Antimicrobial peptides 抗菌肽 
PCA Principle compenents analysis 主成分分析 















MBP Maltose binding protein 麦芽糖结合蛋白 
CID Collision induced dissociation 诱导碰撞解离 





Cell Cellobiose 纤维二糖 
Mal Maltose 麦芽糖 
Mel Melibiose 蜜二糖 
Lac Lactose 乳糖 
Pal Palatinose 异麦芽酮糖 
Suc Sucrose 蔗糖 
Tre Trehalose 海藻糖 
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修饰，这种修饰可以发生在氨基酸的侧链或者蛋白质的 N 端或 C 端。常见的
蛋白质翻译后修饰包括磷酸化修饰、乙酰化修饰、糖基化修饰、酰胺化修饰、
泛素化修饰等。其中蛋白质磷酸化是调节酶活性的非常常见的机制，并且是
生物体内最常见的翻译后修饰[1]。1906 年 Phoebus Levene 首次在蛋白质维生
素（卵黄高磷蛋白）中鉴定出磷酸盐，1933 年 Phoebus Levene 又与 Fritz 
Lipmann共同发现在酪蛋白上发现了磷酸化丝氨酸[2, 3]。但直到1954年Eugene 
P. Kennedy 才找到了第一个酶促磷酸化的蛋白[4]。同时，Edmond Fischer 和
































图 1.1 磷酸化氨基酸 
Figure 1.1 Phosphorylated amino acids 
 
1.1.1 蛋白质上的 O-磷酸化修饰 
磷酸化酪氨酸 
1979 年，Tony Hunter 等人发现 v-Src 可以将蛋白质中酪氨酸残基进行磷酸





最早对于 RTKs 蛋白的理解源于配体的结合可以快速增加表皮细胞生长因子 
(epidermal growth factor，EGF)等生长因子的 RTK 的自身磷酸化，这说明了 RTKs
在生长因子信号传导和细胞增殖等过程中起着重要的作用。通过进一步研究发现
这一信号转导过程对肿瘤发生也有着重要的调控作用。而 RTKs 能够启动细胞内
信号转导的原因在于它可以通过自身酪氨酸磷酸化招募含有 SH2（src homology 
domain）区域的蛋白，这些蛋白具有不同的生物学功能，对于开始和传播到下游
的信号转导过程是非常关键的步骤。同时通过对人类基因组的研究发现在人体内
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